Structural, magnetostatic, dynamic and magnetoresistive properties of epitaxial Co/M o superlattices are comprehensively investigated and discussed. Magnetization of the Co sublayers is coupled antiferromagnetically with different strength depending on the nonmagnetic M o spacer thickness. The magnetization and magnetoresistance hysteresis loops clearly reflect interlayer exchange coupling and occurrence of the uniaxial magnetic anisotropy induced by the strained Co sublayers. Theoretical modelling including both micromagnetic and macrospin approaches precisely resembles experimental magnetic hysteresis loops, magnetoresistance curves and ferromagnetic resonance dispersion relations, when a deviation of sublayer thicknesses from the nominal values is taken into account. A dependence of the interlayer magnetic coupling on the M o spacer thickness is determined as a fitting parameter in mentioned modelling of the experimental results.
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I. INTRODUCTION
Magnetic superlattices due to abundant contribution of atoms forming interfaces (broken symmetry) and thickness of the nonmagnetic spacers lower than characteristic lengths (e.g. electron mean free path or spin diffusion length) offer enhanced or new properties in comparison to the bulk materials. Particularly, such structures have attracted a great attention after discovery of the interlayer exchange coupling [1] [2] [3] . This phenomena was observed both in systems magnetized in the layer plane [4] or along the normal. [5] The interlayer coupling was explained in the frame of Rudermann-Kittel-KasuyaYosida (RKKY) theory [6] , quantum interferences resulting from spin-dependent reflections of Bloch waves at the paramagnet-ferromagnet interfaces, being an effect of ultrathin layers confinement [7] , or dipolar interactions. The invention of the interlayer exchanged-coupled systems was followed by discovery of the markedly enhanced spin-dependent transport effect, called giant magnetoresistance (GMR). [8, 9] However, due to such type of coupling, the alignment of magnetization was usually constrained to collinear or perpendicular configurations in the magnetic sublayers.
A strong antiferromagnetic coupling between two ferromagnetic layers separeted by thin nonmagnetic spacer (e.g. Ru) enabled fabrication of synthetic antiferromagnets (SAF). [10] [11] [12] Recently, the multilayer SAF systems combined with a metal layer exhibiting strong spin-orbital inter- * Electronic address: piotrogr@if.pw.edu.pl actions, (e.g. P t/F e 20 N i 80 /Ru/F e 20 N i 80 [13] or P t/(Co/P d)/Ru/(Co/P d) [14] were used to demonstrate, particularly in patterned devices, an electrically detected spin-orbit torque ferromagnetic resonance (SOT -FMR) and magnetization switching between high and low resistance configurations. Also Wu et al. [15] very recently have demonstrated the SOT induced field-free magnetization switching in the exchange coupled i-CoFeB/Mo(wedged)/p-CoFeB structure, where letters i(p) stand for in-plane (perpendicular) magnetic anisotropy.
Magnetostatic properties of superlattices, with regular or more sophisticated structures can be also analysed by dynamic techniques, e.g. by ferromagnetic resonance (FMR). [16] [17] [18] [19] [20] [21] Such a research seems to be particularly important as long as the increase and tunablility of FMR frequencies enable designing novel ultrafast magnetoelectronics devices. [22] Among many types of superlattices, the HM/FM (heavy metal/ferromagnetic) systems are intensively investigated since they exhibit interfacial Dzyaloshinsky -Moriya interactions (DMI) and DMI-related phenomena ( e.g. a forming of magnetic skyrmions). [23, 24] Although Co/M o system belongs to the HM/FM group, it is still rather poorly recognized.
Up-to-date studies are mainly focused on structural evolution correlating with magnetic properties. [25] [26] [27] [28] [29] [30] Also coupling effects were reported in a few works. Parkin showed that oscillatory exchange coupling was a typical feature for numerous transition-metal spacers. [31] The coupling strength increases both with electron occupation of d-shell and along each column in the table of elements. A well-defined coupling with induced in-plane anisotropy was observed in the sputtered structures. [32] The theoretical analysis of structural and electronic fac-tors on the coupling were performed for the transitionmetal spacers, including Mo. [33] In our previous works we have widely investigated the magnetic properties (magnetic ordering and reversal processes) of Co/M o/Co trilayers, both deposited on and covered by M o or Au layers. Due to different crystalline symmetry and the lattice mismatch at the interfaces the Mo buffer induces anisotropic strains that results in in-plane two-fold magnetic anisotropy. [34] Moreover, the in-plane magnetized trilayers exhibit an antiferromagnetic interlayer coupling in the M o spacer thickness (d M o ) ranging from 0.5 to 1.0 nm. This coupling can be tuned or switched to ferromagnetic type by ion irradiation. [35, 36] In contrast, Au buffer invokes isotropic behaviour of the Co/M o/Co trilayers. For smaller thicknesses of Co layer, the system displays perpendicular magnetization with oscillations between ferromagnetic (FM) and antiferromagnetic (AFM) alignments with d M o , reaching the coupling field as high as 3 kOe. [37] For thicker d Co the canted magnetization tuned by the coupling strength was observed.
In the present paper we investigate structural, magnetic static and dynamic as well field-dependent transport properties of Co/M o superlattices with higher repetition of bilayers. We show that the symmetry and lattice parameter mismatches at the interfaces generate anisotropic strain in the Co layers. As a consequence, during the growth of Co/M o-based uncompensated synthetic antiferromagnet (SAF) the magnetic anisotropy is induced in the sample plane with two mutually orthogonal easy and hard axes of magnetization. Thus, the superlattices are characterized by both, tunable interlayer coupling and in-plane anisotropy which define well magnetization orientation. In addition, we consider the layers thicknesses and magnetic parameters distribution that is immanent feature of real mutlilayers, usually not accounted for in interpratations of aquired results. Our experimental study is supported by micromagnetic and macrospin numerical simulations.
The paper is organized as follows: in Sec.II details of sample fabrication are provided, whereas the experimental techniques applied to characterize the samples are described in Sec.III. In Sec.IV the structural data from the high angle x-ray diffraction (XRD) and low angle x-ray reflectometry (XRR) measurements are analysed. In Sec.V the magnetic properties of Co/M o superlattices are described. This section is divided into several subsections. It starts from a presentation of theoretical macrospin model in Sec.V A 1. The macrospin model has been validated with OOMMF micromagnetic calculations that are briefly described in Sec.V A 2. The results obtained from vibrating sample magnetometry (VSM) and four-probe magnetoresistance (MR) measuremants are presented in Sec.V B 1 and Sec.V B 2 respectively. The detailed discussion on magnetic dynamics in terms of FMR resonant modes is given in Sec.V C, while the related results on interlayer coupling are shown in Sec.V D. The paper is summarized and concluded in Sec.VI.
II. SAMPLE PREPARATION
The investigated epitaxial Co/M o superlattices were deposited in a MBE system (Prevac) onto sapphire wafer substrates (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) oriented. All samples contained 5 Co/M o bilayers within the following structures:
The above nominal thicknesses are given in nm, whereas S denotes sapphire substrate (Al 2 O 3 ). The applied thin V(110) buffer's crystalline structure is compatible to the substrate's one. The V layer thickness was imposed by magnetotransport measurements to minimize the short-circuit effects. Moreover, the buffer secures a high quality of individual film building the multilayer. The outer Co layers were also surrounded by Mo thin layers from bottom and top to maintain the same type of interfaces. The whole stack was covered again by V capping layer. Except the V buffer (deposited at room temperature and next annealed at 500
• C for 3 h) the remaining parts of the multi-layered structures were deposited at room temperature. The component materials were evaporated from the electron guns with rates at the level of 0.05 nm/s measured by quartz balance and a Hiden's XBS (cross beam source) system. The crystalline structure was monitored in situ by reflection high-energy electron diffraction.
III. EXPERIMENTAL
Structure of the samples were characterized in high resolution X'Pert-MPD diffractometer with a Cu-anode. Samples were analyzed using low angle x-ray reflectometry (XRR) and high angle x-ray diffraction (XRD). Diffractometer was equipped with the Euler cradle stage that allowed the sample rotation around direction perpendicular to its surface and tilting the sample from horizontal to vertical position. Such configuration made possible to measure φ scans (rotation of the sample) at fixed 2θ and ψ (tilt of the sample) positions to get orientation of the crystallites in the sample plane. Additionally, the Euler cradle makes the grazing incidence x-ray diffraction (GIXD) measurements available, providing the information on interplanar distances in direction parallel to the sample surface.
The room-temperature magnetoresistance (MR) measurements were performed on unpatterned, as grown samples at room temperature. Standard four probe inline contact alignment was realized by spring-type pins connected directly to the sample surface. This configuration is commonly called current in plane (CIP). The magnetic field applied in sample plane was rotated with respect to the current direction.
The high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) study was performed using a Titan Cubed 300 microscope, operated at 300 kV and equipped with energy-dispersive Xray (EDX) spectrometer. The cross-sectional lamellas were fabricated with focused Ga ion beam (FIB) using a HeliosNanoLab system. Prior to preparation of lamellas a Pt layer was deposited from an elctron gun to protect the sample surface from sputternig by Ga ions.
The ferromagnetic resonance (FMR) spectra were measured using HP 8720C vector network analyser (VNA) technique. Samples were placed face down on a 50 Ω-matched coplanar waveguide (CPW) with a line width of 500 µm. Microwave transmision was measured at a constant frequency (ranging from 5 to 16 GHz) by sweeping the in-plane external magnetic field. The analysis of relatively rich FMR spectra allows to determine the dispersion relations f(H) that are broadly disscused in Section V C.
The magnetization hysteresis loops were measured in a high and low magnetic field using vibrating sample magnetometer (VSM) in order to determine a saturation magnetization and characteristic loops typical of coupled magnetic layers. Figure 1 (a) shows a low magnification TEM image of the C2 multilayer, exhibiting AFM interlayer magnetic coupling, that is discussed in the further part of this work. The layered Co/M o structure composed of 5 Co layers, separated with the M o spacers is very distinct. The M o layers are visible in the brightest colour. The whole layered stack is deposited on the flat surface of the V buffer (denoted as V(b)), and also capped by V film (V (c)). The grainy structure in the upper part of the image illustrates the P t covering layer that was deposited in order to prepare a sample slice for TEM observation. M o layers seem to be continuous and relatively smooth. Only higher placed M o layers exhibit larger roughness due to columnar growth of Co and M o layers. The presence of continuous M o spacers is confirmed by a negligible influence of pin-holes on AFM coupling discussed in the further part of this work.
IV. STRUCTURAL STUDIES
A closer insight into the internal structure of the Co/M o multilayer reveals a parallel alignment of atomic layers expanding across the layered structure of the sample ( Fig.1(b) ). According to reflection high energy electron diffraction pattern (not shown in this paper) and XRD data (discussed in the farther part of this work) this observation confirms the epitaxial growth of the sample. Parallel to the sample surface atomic planes are the following: bcc V (110), bcc M o(110) and closed packed Co (due to different from the bulk-like growth is not possible to interpret unequivocally the Co lattice as hcp or fcc). The parallel alignment of the atomic layers across the whole sample is confirmed by distinct spots in Fourier transformation shown as an inset in Fig.1(c The layered structure of the samples were investigated using XRR technique. Figure 2 shows XRR profiles and their numerical fits for C1, C2 and WC samples. Fitting parameters obtained from XRR simulation show that the rms roughness at Co/M o interfaces increases from 0.2 nm to 0.5 nm with deposition of consecutive layers. Thicknesses of the individual Co and M o layers are collected in Table I . The values determined from the simulated XRR profiles exhibit deviation from the assumed nominal thicknesses of the component layers. Real quantities are used for numerical simulations of magnetostatic and magnetodynamic properties discussed in the further part of this work. The crystalline structure of the component layers was also examined with XRD. Schematic configuration of XRD measurements at different φ and ψ angles is shown in Fig.3 . Change in the φ angle corresponds to a rotation of the sample around the z axis perpendicular to the sample plane whereas the ψ angle is a tilt of the sample around the x axis. Black line with a dot depicted on the sample defines the initial position of the sample for φ = 0
• . Fig In order to explain the origin of peaks, the θ − 2θ diffraction model was used for simulation of the artificial superlattice periodic structure. [38] The sample structures were simulated using thicknesses of the individual layers received from the XRR. The calculated θ − 2θ diffraction profiles are plotted in Fig.4 as red lines. Simulations clearly show that the peaks in diffraction profiles are not structural peaks from Mo and Co layers but originate from the Co/M o superlattices and entirely reproduce the experimental patterns. It confirms good planar growth of the layered structure throughout the stack. • that corresponds to the hcp Co (1 0 0) planes. ψ angle was set to 87.2
• that is near 90
• which corresponds to angle between hcp Co (1 0 0) and (0 0 2) planes. The angle 87.2
• was chosen, because for the higher angles the peak intensities were strongly suppressed due to obscuring the x-ray beam by a sample edge. The C1 and C2 samples exhibit six pronounced peaks arising from Co hcp (1 1 0), whereas the peaks are not visible in the WC sample. The six peaks in diffraction profiles originate from an six-fold symmetry of Co hexagonal structure. Unlike C1 and C2 structures, the WC multilayer does not exhibit a six-fold symmetry. The thickness of the Co sublayers in WC sample is the smallest one in comparison to other samples. Due to lattice mismatch at Co/M o interface the crystalline structure of the Co layer in initial growth stage is not well developed. Most probably it is a mixture of hcp and fcc phases with numerous stacking faults. This is a probable reason for lack of the mentioned six-fold symmetry visible in the C1 and C2 samples having thicker Co layers. Also the crystallinity of the M o spacer affecting the growth of the subsequent Co layer depends on the crystalline structure of the underneath Co film. Fig.6 shows θ−2θ scans of the C1 sample taken around 2θ ≈ 41.6
• corresponding to the Co hcp (1 0 0) planes. Measurements were taken at 6 maxima derived from φ scan (see Fig.5 ) for the sample tilted around x axis by ψ ≈ 90
• . The insets in Fig.6 show φ-angle positions of the sample during the measurement. From the peak profile fitting (red lines), the positions of the peaks were determined.The similar analysis was carried out for Co (1 1 0) peak. Additionally, from the peak positions at different φ angles, the interplanar distances of Co (1 0 0) and Co (1 1 0) were calculated. The detailed results are presented in Tab.II. Similarly, the distances d(110) are considerably larger in directions indicated by angles phi = ±60
• , ±120
• than at φ = 0
• , 180
• . The results clearly show that the hexagonal Co cells are streched in the black pointer's direction. The same type of the Co lattice deformation was concluded by Prokop et al. [39] Fig .8 shows the lattice constant versus φ angle calculated from interplanar spacings d(100) and d(110). The larger lattice constant is for φ angles equal to -90
• and 90
• . The similar measurements (not shown here) were carried out for the C2 sample and revealed the same relations. Detrmined in-plane distortion of the Co cell in the C1 and C2 samples affects magnetic properties discussed in the further section of this work. It suggests occurence In this section we present models that allow us to calculate resonance frequencies and the resonance mode intensities of the system under considaration.
Macrospin
In order to simulate effectively the system, the macrospin approach was applied. The resonance frequencies of the magnetic structures can be easly calculated with use of well-established Smit-Beljers theory [40] . However, here the presented approach is more relevant to deal with superlattices consisting of several strongly coupled magnetic layers. The superlattice investigated in this paper consists of five coupled magnetic (Co) layers separated by non-magnetic (Mo) layers with different thickness. Experimentally observed magnetic response results from the dynamical behaviour of the magnetic moments of each layer. The magnetic moment of the layer is described by 5 pairs of spherical angles, polar (θ i ) and azimuthal (φ i ) ones :
where i corresponds to i-th cobalt layer. The magnetization dynamics of the system is described by five coupled Landau-Lifshitz-Gilbert equations,
where γ e stands for the gyromagnetic ratio, while α g denotes the Gilbert damping parameters of each layer. Their values α i = 0.02 and γ e ≈ 1.760859644 × 10
rad sT
have been assumed to be the same for all samples considered throughout the paper. The effective fields can be expressed as follows:
where ∇ θi,φi stands for the relevant gradients in spherical coordinates. The total magnetic energy density U can be written as
where K i is anisotropy constant of i-th Co layer, H ext is an external magnetic field, H dem,i is the demagnetizing field within layers, while J ij stands for the bilinear interlayer exchange coupling energy constant. In order to calculate resonance frequencies smallamplitude oscillations are assumed. It allows us to linearize LLG Eq.(2) around energy minima at given external magnetic field magnitude. As long as smallamplitude oscillations are taken into account, the angle solutions of Eq.(2) can be expressed as harmonic oscillations of magnetization angles in polar coordinates, i.e.
where (θ 0,i , φ 0,i ) describe the equilibrium orientation of the magnetization in all magnetic layers (in the absence of driving radiofrequency magnetic field). In general, the amplitudes (δθ i , δφ i ) are complex and include the phase shift between the magnetization and the time-dependent driving force (e.g. an a.c. external magnetic field). Also, the frequencies ω i are complex. Their real parts (ω R,i correspond to resonance angular frequencies, whereas the imaginary parts (
) is half-life of decaying free oscillations due to presence of effective damping). Similarly as in Ref. [41] , the LLG eq.(2) can be rewritten in the matrix form:α
where
T is a 10-element column vector consisted of time derivatives of spherical angles given by Eq(6). It should be noticed that components of α are indexed by k varying from 1 to 10. Thus, the LLG equation in polar coordinates has the general form:α
where v is RHS vector of the LLG equation. After linearization of v with respect to small deviations of θ i , φ i from their stationary values, one can write Eq.(8) in the formα
whereX is the 10 × 10 matrix consisting of the derivatives of RHS of Eq. (8) with respect to the angles θ i , φ i , i.e. X kj ≡ ∂v k ∂αj , while Γ(t) = (δα 1 (t), . . . δα 10 (t)) T is a vector containing time-dependent angles differentials, i.e. δα 1 (t) ≡ δθ 1 (t), δα 2 (t) ≡ δφ 1 (t) etc., as defined in Eq. (6)). Next, the Eq.(9) can be rewritten as an eigenvalue problem of the matrixX, i.e.,
The eigenvalues ω i determine five distinguished resonance (natural) angular frequencies of the system, ω R,k = ω i . On the other hand, the general solution of the LLG Eq.(2) can be expressed with use of linear combination of eigenvectors corresponding to all eigenvalues ω in the following form:
where v k is 10 elements eigenvector corresponding to eigenvalue ω k , while c k are the scalar coefficients that can be combined as one column vector c. The above Eq. (11) describes the free damped oscillations that may occur when the magnetizations are initially tilted out from their minimum energy points, by e.g. external magnetic field. For t = 0, Eq.(11) can be expressed with use of the scalar product:
so that the columns of vector v are the eigenvectors v k . Thus, the components of c can be derived using the initial conditions for magnetization angles and their time derivatives, i.e.
where α 0 ≡ (α 1 , ..., α 10 ) = (θ 0,1 , φ 0,1 , ..., θ 0,5 , φ 0,5 ) By combining Eqs. (13) and (14) we get the formula for modes coefficient vector c:
The initial values of angles α 0 can be determined by minimaztion of the total magnetic energy (4). The intensity I k of the given resonance mode (ω k ) we define as:
The definition accounts for the changes in the in-plane magnetization only (described by (φ i ) angles). However, it is clearly consistent with the (Fast Fourier Trnasform) FFT procedure that we apply to the micromagnetic simulation results. The formula (17) ensures I k to be supressed when, for example, adjacent antiparallel magnetization vectors oscillate both with the same phase. On the contrary, the I k becomes enhanced when both antiparallel magnetizations oscillate with the opposite phase.
Micromagnetics
The formula (16) allows us to compare macrospin resonance mode intensities with the micromagnetic ones. Thus we have performed micromagnetic simulations with use of the OOMMF package. [42] First, the hysteresis loops were modelled. Then the magnetization dynamic response of the structure on external field excitation was calculated. The latter one allowed us to determine resonance frequencies of the system and the intensities of the resonant modes. Both static and dynamic micromagnetic simulations employ cuboid-shaped simulation cells with dimensions 5 nm by 5 nm by 1.5 nm. The exchange constant for all Co layers was taken as A ex = 3 × 10 −11 J/m. The dynamics simulation scheme is similar to the one used in our previous works [41, 43] . It starts from the state of fully relaxed magnetization of Co/Mo superlattice. Then, in order to excite a dynamic response, a short magnetic field pulse (of order of 10 Oe) is applied. Next, the magnetization response of the system was proccessed with the Fast Fourier Transform (FFT) that discloses natural frequencies at a given external magnetic field. As shown in next sections V B and V C, the micromagnetic simulations fully confirm the reliablity of macrospin model in both cases: coupled and weakly coupled Co/Mo multilayers. Next, these two models are applied in order to comprehensively characterize coupled and weakly coupled Co/Mo superlattices.
B. Magnetostatic characterization
As mentioned in Sec.II, 3 samples (C1, C2, WC) exhibiting different type and coupling strength depending on the Mo spacer thickness are considered. One of the purposes of this paper is to determine the relation between coupling energy and Mo thickness (J (d M o ) ). Once such a relation is known, one can unequivocally explain a complexity of dynamical behaviour of the superlattices. 
Hysteresis loops
In order to get an insight into magnetization reversal process in the considered structures, vibrating sample magnetometry (VSM) measurements were carried out. The hysteresis loops were measured in the magnetic field applied in the sample plane along mutually orthogonal easy (EA) and hard (HA) axes being a consequence of magnetoelastic strain of hcp cobalt cell induced at the interface Co/M o. Detailed discussion of these relations is presented elsewhere. [34] In order to model experimentally observed behaviour, a macrospin approximation was used to find a set of magnetic parameters that could reproduce observed hysteresis loops in easy and hard axis direction. The orientation of magnetic moments was calculated by minimazing the total magnetic energy of the system given by Eq.(4). In fitting procedure the Co layers thicknesses determined from XRR measurement analysis were assumed. In order to obtain satisfactory agreement between experimental and theoretical curves, a series of macrospin simulations were performed. Optimal set of macrospin magnetic parameters determined from the VSM data is listed in Table III. The experimental hysteresis loops and numerical fitting with use of macrospin model is shown in Fig.9(a)-(d) and (g). For comparison, we show also the results of micromagnetic simulation of the hysteresis loop from the sample C2 measured in the magnetic field applied along its easy axis direction Fig. (10) (cf. V A 2) .
The fits obtained in two approaches are similar to satisfactory extent. The experimental results show that the AFM-coupled multilayers (C1 and C2) exhibit a typical loop in the centre of M-H curve measured in the field applied along EA (Figs.9 (a), (c) ). With decrease in magnetic field, the magnetizations of two inner Co layers rotate coherently and gradually from parallel alignment (saturated state) to the antiferromagnetic ordering. The loop appearance in the central part of M-H dependence is a consequence of magnetization antiparal- Fig.9(e) ). Moreover, the modelling reveals another narrow sub-loop existing at the higher fields, close to that saturating a total magnetization of the multilayer (inset in Fig.9c ). In these two regions there are two energy minima that are close to each other and separated by a low potential energy barrier. As a consequence, there are two possible magnetization configurations in these narrow ranges of magnetic field. This feature is clearly illustrated in Fig.9(e) . In the field range corresponding to the sub-loops, the magnetization alignment depends on the magnetic history of the multilayer: at -1.4 kOe (evolution from saturation towards AFM ordering) magnetization of the component layers is non-colinear while it becomes fully colinear at +1.4 kOe (approaching saturation).
On the contrary, the the M-H curve takes a loopless, tilted linear-like shape when magnetic field is applied along HA (Fig.9 (b),( d) ). Such reversible change of magnetization is expected when magnetization of the Co component layers rotates from HA direction forced by applied field toward orthogonal direction along EA, where magnetization is stable in the remanent state.
In the case of the weakly coupled sample (WC) a very narrow hysteresis loops are visible in both orthogonal magnetic field directions applied in the sample plane ( Fig.9(g) ). Thus this evidences that the WC sample is isotropic. Also, the interlayer coupling strength is not enough to produce considerable hysteresis loop. The magnetization reversal is illustrated in Fig.9(f) . The magnetization rotates in all magnetic layers gradually in almost whole range of magnetic field. The only possible switching-like event is possible at H ext ≈ 0 due to non-zero interlayer coupling. Moreover, the rotation of Co magnetizations differs from that in C2 sample. Particularly, the central Co layer behaves in different way than others due to smaller M S . [34] The magnetization of the middle layer is softer taking perpendicular orientation with respect to the other Co layers at relatively high magnetic field (Fig.9(f) at H=0.25 kOe) .
The difference in anisotropic properties of C1, C2 and isotropic WC samples can be explained in terms of strains induced in the component Co layers due to lattice mismatch at the M o/Co interfaces. Detailed discussion of this issue is provided in the Sec.IV.
Magnetoresistance
The MR (H) dependence was measured in the magnetic field applied along HA and EA. The results for C1 and C2 samples are shown in Figs.11 and 12 .
The MR takes very small values although its magnetic field dependence precisely reflects the all magnetic features illustrated by the M(H) hysteresis loops. Besides the contribution from the mutual alignment of magnetization of Co superlattice layers (giant magnetoresistance, GMR) also the orientation of magnetization in respect to current flow direction (anisotropic magnetoresistance, AMR) affects the resulting MR signal. Particularly, the difference in MR measured along EA and HA at saturation magnetic field is the AMR effect contribution. The AMR increases with the thickness of the ferromagnetic layers [44] , therefore the AMR in sample C2 is slightly larger than in C1. However, the small value of MR seems to be common for the structures containing the M o layers as the spacers. In general the MR does not exceed tenth of percent in such systems, regardless of a presence of the relatively strong interlayer coupling. [45, 46] In the field along EA the MR achieves a maximum value in the certain field range corresponding to the width of the central hysteresis loop in M-H curves (Fig.12 ) This is related to the stable AFM-alignment of magnetization in the component Co layers and enhanced spin-sensitive scattering of electrons. Decrease in MR with the magnetic field corresponds to magnetization rotation toward saturation where MR reaches minimum value. The sloped R(H) dependence with sharp apex at H=0 in the field applied along HA correlates with gradual rotation of magnetization from saturation along HA towards perpendicular alignment in respect to the field (i.e. along EA), which is stable at the remnant state. On the contrary, the MR is completely supressed in WC sample. It may be related to Co layers thicknesses [47] , that are less than in other samples, and/or their mixed structures (with non-hcp contribution), as already discussed above. In order to model the MR curves, the macrospin approach was applied again. Similarly as in Sec.V B 1, the mutual orientation of magnetic moments was calculated by minimazing the total magnetic energy, with the macrospin magnetic parameters from Table III . The results are presented in Fig.12 . GMR value was calculated with use of standard formula R ij (θ ij ) = R 0 + ∆R 2 (cos θ ij − 1), where ∆R ≡ R AP,ij − R P,ij is resistance difference of layers i and j in parallel(P) and antiparallel(AP) state, while θ ij is a relative angle between i and j magnetic (Co) layers and it depends implicitly on the external magnetic field H. In the CIP configuration, the MR originates from each pair of magnetic layers, thus the overall GMR of the whole structure is calculated by averaging R ij over all pairs at given magnetic field, i.e. R(H) = Rij 4 . Despite this simplification, the theoretical curves agree sufficiently well with the experimental ones when the parameters listed in Table III were used.
C. FMR characterization
In this section we discuss the magnetic dynamics in the coupled versus weakly coupled samples. With use of the Vector Network Analyzer FMR (VNA-FMR) technique, relations of dispersion (f (H)) of all considered samples were measured. Figure 13 shows the theoretical f(H) relations and mode intensities predicted for C2 sample respectively by Eqs.10 and 16 using the parameters from Tab.III The C2 sample exhibits a complex spectrum of resonance modes. However, the calculated modes originates rather from the interlayer coupling than from the magnetization inhomogeneity within Co layers. The similar complex FMR modes have been already observerd, e.g. in F e/Cr superlattices with bi-quadratic interlayer coupling [48] and recently in permalloy/Ru multilayers. [13] The macrospin prediction was compared with the one calculated micromagnetically (cf. Sec.V A 2). The comparison shown in Fig.13 . Table III .
The micromagnetic and macrospin models agree well, particularly the resonance modes exhibit the same eigenfrequencies at high fields in both approaches. On the other hand, at low fields, a non-trivial dependence of resonance modes is accounted for by both the macrospin model and micromagnetics. The rich dispersion relation is due to presence of interlayer coupling only. The statment is justified since the micromagnetic hysteresis compared to the macrospin one does not reveal a significant qualitative difference (cf. 10). Nevertheless, the mode intensities differ in both approaches, i.e. low-field modes are more visible in macrospin than in micromagnetics. Similarly, the micromagnetic high frequency mode at low field exhibits higher frequencies than its macrospin counterpart. However, despite the differences, both approaches describe the resonance modes in the same qualitative way. It proves that chosen sets of macrospin parameters for all samples are reasonable. Next, the resonance response on a.c. driving magnetic field is analyzed. In this case, the full solution of the LLG equation consists of two parts. The first one corresponds to the damped free oscillations with resonance frequencies ω i (cf.11). The related terms are transient and dissapear after a characteristic time ∝ field frequency (∝ e iωa.c.t ). [49] Particularly, the amplitude of this term becomes enhanced when its frequency matches the resonance frequencies ω a.c. ≈ ω i . Thus, the mode intensities calculated according to Eq.(16) may not be relevant anymore, so that we calculated all resonance modes regardless of their amplitudes. The model predictions were compared with real data. The VNA-FMR spectra were measured by sweeping magnetic field at constant frequency of driving microwave magnetic field (H a.c. ). Such measurements were repeated for several frequencies of H a.c. ranging from 5 to 16 GHz for all samples. The experimental and theoretical results are shown in Fig.14(a)-(c) .
A detailed analysis revealed that in addition to clearly visible peaks, there are also abrubt changes in real and imaginary part of S 12 present for both, positive and negative magnetic fields. Such a characteristic "jumps" can be assigned to additional resonance peaks. Also, we have identified sub-peaks within the peaks with larger width. The identification of resonance peaks (resonance fields) is difficult but possible with fitting the relevant lorentzians including symmetric (S(H) = spectrum is one of the most demanding in terms of resonant modes analysis. Due to the experimental noise, the spectrum is not fully symmetric with respect to the H = 0, i.e. the amplitudes, linewidths and the shape of resonance peaks differ for positive and negative magnetic fields. For this reason lorentzians were fitted for positive and negative magnetic field separately. On the contrary, the resonance frequencies turned out to be much more symmetric, so they can be analysed regadless of the differences in other parameters. Such an approach resulted in a complex relation of dispersions in the case of samples C1 and C2, and relatively simple (Kittel-like) dependency in the case of WC sample. For coupled samples (C1 and C2), the interlayer coupling is responsible for a splitting of the f(H) branches (resonant modes) and makes the VNA spectra complex. The experimental and theoretical dispersion relations are not reducible to simple sum of five Kittel-like ones related to five different Co layers. According to the model, the whole spectrum of resonance fields should be treated as one object. It means that every magnetic (Co) layer interacts through M o layers with others, not only with the nearest magnetic neighbours. The influence of the coupling is suppresed when M o layer is sufficiently thick. Thus we concluded that the WC sample follows the Kittel formula, so all branches of f (H) converge to the one branch. A splitting (cf. the highest frequency branch) visible in the case of WC sample is due to presence of one relatively thick M o layer and consequently a very weak AFM coupling. Next, the middle Co layer is considerably thinner than others. This reason is more important here since the small thickness of the middle Co layer causes its M S to be smaller as well. However, the suppresed interlayer coupling makes VNA resonance peaks well distinguishable. One should note that the most of branch gaps for a given frequency (∆H g ) are of the order of the VNA resonant peaks widths. Thus we cannot exclude that there are more than one narrower peaks. Such narrower peaks can be simply fitted to the experimental spectra (not shown here) and it is obviously justified by a model. However, here we can assume that there is a sufficiently wide one resonant mode covering five slightly splitted sub-modes.
The detailed analysis of oscillation modes phase (for the sample C2) reveals a further abundance of dynamical states. Because of the number of magnetic layers, there are 2 5 different in-phase and antiphase types (symmetries) of oscillations modes. By grouping the similar types of oscillations, we reduced the number of modes just to 5 with different symmetries denoted by letters A and O1 to O4. Here letters A and O stand for acoustic and optical mode respectively. They are all illustrated in Fig.16 . Each square corresponds to one Co layer, while its color(grey or red) points out the phase of the magnetization oscillations, so that the same colors mean the same phase of the magnetization oscillations. As shown in Fig.16 each mode has a well established symmetry when the frequency gap (∆f ) between the modes is suffiently large. Particularly, it is visilbe in low and high magnetic fields, for which a high frequency mode is acoustic(optical), whereas a low frequency mode is optical(acoustic) in broad range of high(low) magnetic fields. It is consistent with the similar studies on coupled [F e/Cr] × 2/F e trilayer structure [50] . However, in our case the mode frequencies get closer to each other at intermediate magnetic fields. Moreover, for a certain ranges of magnetic fields the modes frequencies overlap, i.e. they synchronize their frequencies. (cf. two high frequency modes (red and green points), the moderate modes(green and blue points) or two low frequency modes (orange and black points)). In the regions where the modes are close to each other, we observe a multiple changes of their shapes (symmetries) with the increase of the magnetic field.
D. Coupling energy
Numerical fitting model to the experimental data acquired from VSM, MR and VNA-FMR measurements enabled to determine the sets of magnetic parameters that characterize static and dynamic behaviour of investigated Co/M o superlattices. Based on it, we determined reliable magnetic parameters of the Co/M o structures for which all the static and dynamic characteristics are consistent. It was shown in Sec.V C that interlayer coupling is the main factor affecting a complex magnetic dynamics, and consequently C1 and C2 samples reveal qualitatively different dispersion relations than the WC sample. In this section the interlayer coupling magnitude dependence on the M o layer thickness (J (d M o ) ) is determined. It can be done with use of the interlayer coupling magnitude (J ij ) determined as one of the fitting parameters ( cf . Table III ) and from the analysis of the XRR data (cf. IV). The latter technique revealed the information on the M o layers thicknesses in all samples. The plot of the semi-empirical points, i.e. J versus d M o is shown in Fig.17 . The thickness d M o has maximum relative error of 10 percent, while the absolute error of J ij was estimated to be ±0.01mJ/m 2 . Such a value of absolute error ensures VSM, VNA and MR experimental dependencies to be satisfactorly reproduced by the theoretical model. Next, a theoretical curve was fitted to to these semi-empirical points using the commonly known formula for RKKY-like interaction [37] : where A and ψ are the coupling amplitude and phase, while Λ and t c stand for period of the coupling oscillations and attenuation length respectively. The fitting to the semi-empirical points was performed with the following values of the parameters A = 1.4J, Λ = 1.15nm, ψ = 0.45, t c = 0.26nm . The result is shown as solid Fig.17 . The obtained parameters are reliable and close to those reported for Co/M o/Co trilayers [37] and the system consisted of 16 Co/M o bilayers. [31] In order to compare our results and those from Refs.31, 37 our parameters were converted on the same quantities as used in these references. Their comparison is given in Table IV . Our parameters are located in the middle between the wedge structure and multilayered Co/M o structure. This supports the argument for realiability of parametrization of the coupling in our case.
VI. SUMMARY AND CONCLUSIONS
The Co/M o multilayers exhibit diverse magnetic properties. The interlayer magnetic coupling antiferromagnetic or ferromagnetic can be tuned by the thickness of the M o spacer. The superlattices analysed in this paper reveal satisfactory AFM interlayer coupling strength at relatively broad range of M o thicknesses making them applicable as uncompensated SAFs. Moreover, the symmetry and lattice parameter mismatches at the interfaces generate anisotropic strain in the Co layers, and consequently, due to magnetoelastic effects, the in-plane two-fold magnetic anisotropy is induced. It clearly determines mutually orthogonal easy and hard axes of magnetization. Therefore in such structures magnetization orientation in the sample plane is well defined, that is important from the applications point of view. These complex magnetic properties are clearly explained by detail analysis of structural properties obtained from complementary techniques (XRD, XRR and TEM). Moreover, it has been shown that magnetic configuration of the multilayer substantially affects magnetization reversal process and dynamic behaviour making FMR dispersion spectra complex or simple for antiferromagnetic or ferromagnetic alignment, respectively. Results of numerical modelling based on macrospin and micromagnetic approaches, reproducing well experimental behaviour, are consistent and allow to determine the reliable set of magnetic parameters that well describe the Co/M o multilayers. In particular, we have shown that determining the real thicknesses of component layers are of great imporatance in analyse of magnetodynamic and magnetostatic properties of Co/M o superlattices. Such detailed analysis allowed to obtain the interlayer coupling dependence on M o spacer thickness. The coupling is of RKKY type and similar to that for Co/M o sandwiches. Despite a relatively strong interlayer coupling, the magnetoresistance in multilayers, similar like in bilayer system, is very weak.
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